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Hantaviruses infect human endothelial cells and cause two vascular permeability-based diseases: hemor-
rhagic fever with renal syndrome and hantavirus pulmonary syndrome. Hantavirus infection alone does not
permeabilize endothelial cell monolayers. However, pathogenic hantaviruses inhibit the function of avf33
integrins on endothelial cells, and hemorrhagic disease and vascular permeability deficits are consequences of
dysfunctional 33 integrins that normally regulate permeabilizing vascular endothelial growth factor (VEGF)
responses. Here we show that pathogenic Hantaan, Andes, and New York-1 hantaviruses dramatically enhance
the permeability of endothelial cells in response to VEGF, while the nonpathogenic hantaviruses Prospect Hill
and Tula have no effect on endothelial cell permeability. Pathogenic hantaviruses directed endothelial cell
permeability 2 to 3 days postinfection, coincident with pathogenic hantavirus inhibition of avf33 integrin
functions, and hantavirus-directed permeability was inhibited by antibodies to VEGF receptor 2 (VEGFR2).
These studies demonstrate that pathogenic hantaviruses, similar to av33 integrin-deficient cells, specifically
enhance VEGF-directed permeabilizing responses. Using the hantavirus permeability assay we further dem-
onstrate that the endothelial-cell-specific growth factor angiopoietin 1 (Ang-1) and the platelet-derived lipid
mediator sphingosine 1-phosphate (S1P) inhibit hantavirus directed endothelial cell permeability at physio-
logic concentrations. These results demonstrate the utility of a hantavirus permeability assay and rationalize
the testing of Ang-1, S1P, and antibodies to VEGFR2 as potential hantavirus therapeutics. The central
importance of 33 integrins and VEGF responses in vascular leak and hemorrhagic disease further suggest that
altering 33 or VEGF responses may be a common feature of additional viral hemorrhagic diseases. As a result,
our findings provide a potential mechanism for vascular leakage after infection by pathogenic hantaviruses and
the means to inhibit hantavirus-directed endothelial cell permeability that may be applicable to additional

vascular leak syndromes.

Hantaviruses cause two highly lethal diseases: hemorrhagic
fever with renal syndrome (HFRS) and hantavirus pulmonary
syndrome (HPS) (64, 65). Both diseases are manifestations of
enhanced vascular permeability leading to hemorrhage or
acute pulmonary edema in patients days to weeks after infec-
tion (34, 49, 65, 93). Acute thrombocytopenia is common to
both syndromes, and acute disease is associated with cardio-
pulmonary dysfunction, high viral load, and the severity of
platelet loss (11, 39, 53, 90). As a result, both endothelial
barrier functions and platelet directed responses that restore
vascular barrier functions are compromised following hantavi-
rus infection (49, 64, 93).

Hantaviruses predominantly infect endothelial cells that
form a fluid barrier within the vasculature and perform central
roles in vascular repair (49, 93). If hantaviruses lysed endothe-
lial cells, the mechanism of hantavirus directed vascular per-
meability would be clear and result in hemorrhagic disease.
However, hantaviruses are not lytic, and endothelial cell mono-
layers are not permeabilized by hantavirus infection alone (8,
35, 49, 65, 72, 93). The absence of hantavirus permeability
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assays, limited animal models of hantavirus disease, and bio-
safety level 4 requirements for investigating hantavirus disease
in Syrian hamsters (27, 37, 84) has further limited our ability to
study hantavirus pathogenesis. As a result, the mechanism of
hantavirus-directed permeability and disease remains unde-
fined but directly tied to infection of endothelial cells.
Suggestions for the causes of hantavirus permeability are
abundant but remain untested and reflect responses that are
common to many viruses that lack vascular disease correlates.
T cells, tumor necrosis factor alpha (TNF-a), and cytokines
have been suggested to be involved in permeability, but their
contribution to HFRS or HPS diseases remains a question (23,
35, 76). A prominent link between vascular permeability dis-
orders and hantavirus disease stems from the role of B3 inte-
grins in hemorrhagic disease and the use and dysregulation of
B3 integrin function by pathogenic hantaviruses (3, 15, 19-21,
25). Mutations in B3 integrins result in Glanzmann thrombas-
thenia, a human genetic hemorrhagic disease, and autoim-
mune antibodies to B3 similarly direct hemorrhagic disease
(15, 25, 29, 32, 58, 87). Knocking out B3 integrins in mice
mimics the microvascular permeability and hemorrhage of
Glanzmann thrombasthenia and demonstrates the role of B3
integrins in maintaining vascular integrity (15, 25, 29). Inter-
estingly, pathogenic, but not nonpathogenic, hantaviruses re-
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portedly bind and dysregulate the function of av@3 integrins
on human endothelial cells (19-21). HFRS and HPS causing
hantaviruses block avp3-directed endothelial cell migration 2
to 4 days after infection and thereby inhibit avpB3 integrin
function days after viral adsorption (19-21, 54). A mechanism
for hantavirus inhibition of avp3 function is provided by find-
ings demonstrating that pathogenic hantaviruses interact with
plexin-semaphorin-integrin domains present at the apex of
bent, inactive conformations of avB3 (54, 73). Since antibodies
to B3 or the absence of 33 function result in vascular perme-
ability disorders, the dysregulation of B3 integrin function by
pathogenic hantaviruses provides a compelling mechanism for
vascular permeability defects following hantavirus infection
(15, 25, 58).

B3 integrins regulate vascular permeability through effects
on vascular endothelial growth factor (VEGF) (12, 55, 57).
avB3 works coordinately with VEGF to direct endothelial cell
migration during angiogenesis and to reseal the endothelium
in response to damage (9, 29, 57, 81). Migration itself is a
complex series of events that requires VEGF-directed loosen-
ing of tightly adherent endothelial cells in order to permit
movement, while at the same time endothelial cell adherence
to integrins provides a vector to cell movement (56). Endothe-
lial cell migration requires VEGF, and VEGF was initially
called vascular permeability factor for observations that it po-
tently directed edema within tissues (12, 48, 68). In fact, VEGF
is reportedly 50,000 times more potent than histamine in in-
ducing vascular permeability (12). Interestingly, B3~/~ mice
and endothelial cell monolayers are sensitized to the effects of
VEGF and hyperpermeable in response to VEGF addition
(12, 55, 57). These findings indicate that av@3 modulates vas-
cular permeability responses directed by VEGF and regulates
capillary leakage (57).

Endothelial cell permeability is regulated by additional fac-
tors derived from platelets and plasma (2, 10, 30, 42-44, 51,
63). Angiopoietin 1 (Ang-1) is an endothelial-cell-specific
growth factor that counters the permeabilizing effects of
VEGF and stabilizes the vasculature (41, 77, 78). Ang-1 bind-
ing to Tie-2 receptors reduces endothelial cell permeability
and has a dominant effect over the permeabilizing responses of
coadministered VEGF (16, 31, 78). Platelets are also an abun-
dant source of the endothelial cell permeability regulator
sphingosine 1-phosphate (S1P) (30, 44, 63, 75). Activated
platelets release S1P, which binds to G-protein-coupled Edg-1
receptors on endothelial cells and stabilizes intracellular junc-
tions (44, 63, 74, 91).

Here we show that pathogenic HFRS and HPS causing han-
taviruses sensitize human endothelial cells to the permeabiliz-
ing effects of VEGF. Hyperpermeability of endothelial cell
monolayers occurs 2 to 3 days after infection and is inhibited by
Ang-1, S1P, and antibodies to VEGF receptor 2 (VEGFR2).
In contrast, the nonpathogenic hantaviruses Prospect Hill virus
(PHV) and Tula virus (TULV) had no effect on endothelial
cell permeability in the presence or absence of VEGF. The
enhanced VEGF permeability of endothelial cells infected
with pathogenic hantaviruses mimics the VEGF-directed per-
meability responses of B3 integrin knockouts (25, 57), and
correlates directly with B3 integrin dysfunction. These findings
provide a hantavirus permeability assay which has identified
Ang-1, S1P, or antibodies to VEGFR2 as inhibitors of hanta-
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virus-directed endothelial cell permeability. Since these factors
are already in clinical trials for other indications, potential
therapeutics may already be available for hantavirus patients
(7, 42, 46, 59, 66), and it is possible that these factors could
regulate capillary permeability caused by additional hemor-
rhagic viruses. Our findings provide rationales for the testing of
vascular permeability inhibitors in the Syrian hamster model of
hantavirus disease (27) and further suggest that VEGF-, Ang-
1-, and S1P-directed signaling responses may provide addi-
tional therapeutic targets for inhibiting hantavirus directed
permeability.

MATERIALS AND METHODS

Cells and virus. BSL-3 facilities were used for Hantaan virus (HTNV), Andes
virus (ANDV), and NY-1 virus (NY-1V) cultivation (18, 19, 21). Human umbil-
ical vein endothelial cells (HUVECs, passage 3-7) were purchased from Cam-
brex and grown in supplemented EBM-2 medium (Cambrex). HTNV (76-118),
NY-1V, ANDV (CHI-7913), PHV, and TULV (Tula/Moravia/MA 5302V/94)
(80) were cultivated on Vero E6 cells as previously described (19). Virus titers
were determined by focus assay after immunoperoxidase staining of hantavirus
nucleocapsid protein within cells as previously described (21).

Ligand and antibodies. Vitronectin was obtained from Chemicon, VEGF s
and fluorescein isothiocyanate (FITC)-dextran 40,000 were from Sigma. Ang-1
(human) was obtained from Alexis Biochemicals, and SIP was from Avanti-Polar
Lipids. Antibody to Flk-1 (clone 89106) was from R&D Systems, and rabbit
polyclonal antibody to Edgl (antibody 13126) was obtained from Abcam. Nor-
mal mouse immunoglobulin G was from Santa Cruz Biotechnology. Goat anti-
rabbit horseradish peroxidase conjugates were obtained from Amersham.

Endothelial cell permeability assay. HUVECs were seeded onto vitronectin
(10 pg/ml)-coated Costar Transwell inserts (6.5-mm diameter and 3-wm pore
size; Corning) at a cell density of 2 X 10* cells and grown in EBM-2 with 10% of
fetal calf serum. Confluent HUVECs were infected in triplicate with pathogenic
HTNV, ANDV, or NY-1V or nonpathogenic PHV or TULV at a multiplicity of
infection (MOI) of 0.5 or mock infected. After 1 h of adsorption or 1, 2, or 3 days
postinfection, cells were starved overnight with EBM-2-0.5% bovine serum al-
bumin without growth factors. FITC-dextran (0.5 mg/ml) was added to the upper
chamber of monolayers in the presence or absence of VEGF (100 ng/ml) as
previously described (79). At various times, FITC-dextran present in the lower
chamber was assayed by using a Perkin-Elmer fluorimeter (490-nm excitation,
530-nm emission), and fluorescence intensity measurements were expressed di-
rectly or as the fold increase over the basal permeability of monolayers. In order
to monitor hantavirus infections, endothelial cell monolayers in 96-well plates
were infected at the same MOI as the Transwell plates, and at 24 or 72 h
postinfection the cells were fixed and the hantavirus N-protein present in cells
was detected by immunoperoxidase staining (21).

Inhibition of hantavirus-induced HUVEC permeability. HUVECs were grown
in Transwell plates and infected as described above. FITC-dextran and VEGF
were added to the upper chamber of cells in the presence or absence of Ang-1
(50 ng/ml) or S1P (0.01 to 1 pM) at 3 days postinfection. The permeability of
monolayers was evaluated by quantitating the appearance of FITC-dextran in the
lower chamber as described above. SIP was solubilized in methanol and stored
at —20°C in 0.4% (vol/vol) methanol. An identical amount of methanol diluent
was added to EBM-2 medium (0.5% bovine serum albumin) in S1P control
experiments. Antibodies to VEGFR2 (100 ng/ml) or the S1P receptor, Edgl (100
ng/ml), were added to infected or mock-infected cells for 30 min at 37°C prior to
the addition of FITC-dextran, and permeability assays were performed as de-
scribed above. The results are derived from two to five independent experiments
(n =9, n = 15) with a P value of <0.05. The results are reported as the mean +
the standard deviation of the fold permeability for each group. A two-tailed
Student ¢ test was used to analyze statistical differences between control and
treated groups. Differences were considered statistically significant at P < 0.05.

RESULTS

Hantavirus infection enhances the permeabilizing effects of
VEGF. Hantaviruses predominantly infect human endothelial
cells, and only pathogenic hantaviruses bind inactive bent con-
formations of avP3 integrins on endothelial cells (19, 21, 54,



VoL. 82, 2008
25 — Mock A
== HINV
rzz2 Mock+VEGF
201 = HINV+VEGF
2
=P
L = 15
EE 10
£
5
0,
Days post infection
254
[ IMock
Mock+VEGF
20 EENY-1V
Bl NY 1V+VEGF
ey
= ¥
E = 154
§5
£ 210/
¥ =
-V

0 1 2 3
Days post infection

25+

HANTAVIRUSES DIRECT ENDOTHELIAL CELL PERMEABILITY 5799

25 Mok

== ANDV B
Mock+VEGF

mm ANDV+VEGF

2

(Fold Change)
7

Permeability
=

N

e

0 1 2 3
Days post infection

251 Mok D
== PHV

Mock+VEGF

20, = PHV+VEGF

Permeability
(Fold Change)

0 1 2 3
Days post infection

1 Mock E
—TULV
Mock+VEGF

207w TULV+VEGF

15-

10+

Permeability
(Fold Change)

5

0

o i

i Bey Bi |
1 2 3

Days post infection

FIG. 1. Pathogenic hantaviruses enhance endothelial cell permeability. Endothelial cells were plated on vitronectin-coated Transwell inserts
and infected at an MOI of 0.5 in triplicate with HTNV (A), ANDV (B), NY-1V (C), PHV (D), or TULV (E) or mock infected. FITC-dextran was
added to upper chamber media in the presence or absence of VEGF, and the presence of FITC dextran in the lower chamber was quantitated after
3 h (79). The results are expressed as the fold increase in monolayer permeability over basal permeability levels.

73). Pathogenic hantaviruses block the function of avp3 inte-
grins on endothelial cells, and avp3 normally regulates the
permeabilizing effects of VEGF (20, 57). These findings sug-
gested that pathogenic hantavirus dysregulation of avB3 inte-

grin function might enhance endothelial cell permeability and
contribute to hantavirus pathogenesis. In order to study han-
tavirus permeability, we used a standard cell permeability assay
(22, 79), which monitors the passage of FITC dextran across



5800 GAVRILOVSKAYA ET AL.

monolayers and evaluated the effect of VEGF on hantavirus-
infected endothelial cells. HUVECSs were plated on Transwell
plates, and confluent monolayers were infected with patho-
genic HTNV, ANDV, NY-1V, or nonpathogenic PHV or
TULV. Monolayer permeability was assayed by adding FITC-
dextran to the upper chamber in the presence or absence of
VEGEF and evaluating the emigration of the FITC-dextran to
the lower chamber by fluorimetry. As previously reported (35),
hantavirus infection alone did not permeabilize endothelial
cell monolayers regardless of whether endothelial cells were
infected with pathogenic or nonpathogenic hantaviruses (Fig. 1
and 2). In addition, infection of endothelial cells with non-
pathogenic PHV or TULV did not permeabilize endothelial
cells in the presence or absence of VEGF (Fig. 1D and E and
Fig. 2G to J). In contrast, HTNV, ANDV, and NY-1V dra-
matically increased endothelial cell permeability 18- to 23-fold
in response to VEGF 3 days postinfection (Fig. 1A to C).
ANDV also enhanced endothelial cell permeability 2 days
postinfection (Fig. 1B), whereas the endothelial cell perme-
ability responses to VEGF were the same as those to mock-
infected controls 1 day postinfection. These findings indicate
that pathogenic hantaviruses substantially enhanced the per-
meability of endothelial cells in response to VEGF 3 days
postinfection and provided a hantavirus permeability assay for
further studies.

In order to investigate the responsiveness of hantavirus-
infected endothelial cells to VEGF, we analyzed endothelial
cell permeability at various times after VEGF addition. The
permeability of HTNV-, ANDV-, and NY-1V-infected endo-
thelial cells increased dramatically from 1 to 3 h after VEGF
addition (Fig. 2A to F). Even 0.5 h postinfection, ~2-fold
increases in permeability were observed in cells infected by
pathogenic hantaviruses compared to VEGF-treated mock-
infected cells. HTNV infection resulted in the largest increase
in endothelial cell monolayer permeability of any virus tested
(Fig. 1A and Fig. 2A and B). In contrast PHV and TULV
infection did not enhance VEGF permeability responses at any
time and were virtually identical to mock-infected controls
(Fig. 2G to J). PHV and TULV infection actually reduced
VEGF-directed permeability below the basal responses of
mock-infected cells (Fig. 2G to J). Even though a constant
MOI was used to infect cells, we comparatively evaluated nu-
cleocapsid protein expression within endothelial cells 1 and 3
days postinfection. Figure 3 shows that endothelial cells were
comparably infected by pathogenic and nonpathogenic hanta-
viruses 1 and 3 days postinfection. There is a reduction in the
number of PHV-infected cells 3 days postinfection as previ-
ously reported (1). In addition, virtually all cells are infected
with the nonpathogenic TULV 3 days postinfection, similar to
pathogenic hantaviruses, and yet TULV infection does not
enhance endothelial cell permeability in response to VEGF
(Fig. 21 to J). These findings demonstrate the time dependence
of hantavirus-enhanced permeability responses and indicate
that only pathogenic hantaviruses enhance endothelial cell per-
meability in response to VEGF.

Effect of antibodies to Flk-1 on hantavirus-directed endo-
thelial cell permeability. Endothelial cells contain VEGFR2
receptors (Flk-1), which mediate migrational responses of en-
dothelial cells to VEGF (50). To further demonstrate the spec-
ificity of enhanced permeability responses after hantavirus
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FIG. 2. Time dependence of hantavirus enhanced permeability.
Hantavirus-directed permeability assays were performed as in Fig. 1 at
3 days postinfection with HTNV (A and B), ANDV (C and D), NY-1V
(E and F), PHV (G and H), or TULV (I and J). FITC-dextran in the
lower chamber was measured at the indicated times after VEGF ad-
dition and compared to similarly treated mock-infected cells. Primary
fluorescence data for HTNV, ANDV, NY-1V, PHV, and TULV are
presented (A, C, E, G, and I), and the results are presented as the fold
change in basal permeability at the same time after treatment (B, D, F,
H, and J).
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MOI of 0.5 or were mock infected. Cells were fixed 1 or 3 days postinfection, and hantavirus nucleocapsid protein within infected cells was detected
by using a previously described immunoperoxidase staining approach (21).

infection, we determined whether antibodies to VEGFR?2 in-
hibited permeabilizing endothelial cell responses. Hantavirus-
infected or mock-infected HUVECs were pretreated with an-
tibodies to VEGFR?2 or an isotype-matched control antibody,
and the permeability of the endothelial cells was evaluated in
the presence or absence of VEGF. Figure 4 indicates that
antibodies to VEGFR2 reduced the permeability of HTNV-
and ANDV-infected cells by 50 to 75%, while there was no
change in endothelial cell permeability after control antibody
pretreatment or PHV or TULV infection. These findings sug-
gest that pathogenic hantavirus-directed endothelial cell per-
meability is at least partly dependent on the function of
VEGFR2.

Hantavirus-directed endothelial cell permeability is inhib-
ited by Ang-1. Ang-1 is an endothelial-cell-specific growth fac-
tor that binds to a unique growth factor receptor, Tie-2 (14).
However, unlike VEGF, Ang-1 enhances endothelial cell bar-
rier function and inhibits endothelial cell permeability (16, 77,
78). In order to determine whether Ang-1 blocks hantavirus-
enhanced endothelial cell permeability, we assayed the perme-
ability of hantavirus-infected endothelial cells in the presence
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FIG. 4. Effect of antibody to VEGFR2 on hantavirus-directed EC
permeability. HUVECs were grown as in Fig. 1 and infected at an MOI
of 0.5 or mock infected. At 3 days postinfection, monoclonal antibody
to VEGFR2 (100 ng/ml) or an isotype-matched control (mouse IgG,
100 ng/ml) was added to cells for 30 min at 37°C. The antibodies were
removed, and the permeability of infected and mock-infected cells was
evaluated as in Fig. 1. Error bars represent the mean * the standard
deviation (n = 9 from three independent experiments).

or absence of Ang-1. Figure 5A indicates that the addition of
Ang-1 to hantavirus-infected endothelial cells resulted in a 50
to 60% reduction in endothelial cell permeability, and Fig. 5B
demonstrates that Ang-1 inhibition of hantavirus-directed en-
dothelial cell permeability is dose dependent. These findings
indicate that Ang-1 inhibits hantavirus-directed endothelial
cell permeability and suggest the potential for Ang-1 to regu-
late vascular permeability defects within HPS and HFRS
patients.

S1P inhibits hantavirus-directed endothelial cell permeabil-
ity. Hantaviruses cause acute thrombocytopenia, and the mag-
nitude of platelet reduction is associated with enhanced pul-
monary edema in HPS patients (93). Platelets store abundant
amounts of S1P, which is a potent endothelial barrier enhanc-
ing factor (43, 44, 63). S1P is released by activated platelets and
decreases vascular leakage by binding to Edg-1 receptors on
endothelial cells (63, 74). Since S1P enhances endothelial bar-
rier functions, we determined whether S1P was capable of
inhibiting hantavirus-directed endothelial cell permeability.
The permeability of mock-infected or HTNV-infected endo-
thelial cells was evaluated 3 days postinfection in the presence
or absence of physiologic concentrations of S1P. S1P inhibited
HTNV- and ANDV-directed endothelial cell permeability
from 0.5 to 3 h after addition and was dose dependent (Fig. 6A
to C). Pretreatment of cells with an increasing amount of a
function blocking antibody to the SI1P receptor, Edg-1, pre-
vented the inhibitory effects of S1P and resulted in a corre-
sponding increase in hantavirus-directed permeability (Fig.
6D). These findings indicate that the addition of S1P inhibits
hantavirus-directed endothelial cell permeability and that S1P-
directed effects are mediated by the Edg-1 receptor on endo-
thelial cells. These findings suggest a second potential thera-
peutic approach for abrogating vascular permeabilizing effects
of pathogenic hantaviruses.

DISCUSSION

Pathogenic hantaviruses inhibit the function of B3 integrins,
and both hantaviruses and B3 integrins are intimately tied to
hemorrhagic disease and vascular permeability disorders (15,
19-21, 25, 29). In fact, B3 integrin knockout mice mimic the
microvascular permeability and platelet dysfunction of Glanz-
mann’s disease, and both B3 dysregulation and thrombocyto-
penia are common features of HPS- and HFRS-causing viruses
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FIG. 5. Ang-1 inhibition of hantavirus-directed EC permeability. (A) HUVECs were infected as in Fig. 1. At 3 days postinfection FITC-dextran
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quantitated 3 h later. (B) Cells were infected, treated, and monitored as described above in the presence of increasing amounts of Ang-1 added
to the upper chamber. The results are derived from two independent experiments (n = 6).

(25, 29, 57). The dependence of avB3-directed migration on
VEGTF cues is well known; however, the absence of avB3 also
results in the hyperpermeability of endothelial cells in response
to VEGF, and thus VEGF-directed permeabilizing responses
are normally regulated by avB3 (25, 29, 55, 57). The link
between B3 dysfunction and enhanced VEGF-directed vascu-
lar permeability suggested that a similar scenario might direct
permeabilizing responses of pathogenic hantaviruses that
block the function of B3 integrins days after infection (20).
Findings presented here demonstrate that both HFRS- and
HPS-causing hantaviruses direct the hyperpermeability of in-
fected endothelial cells in response to VEGF, and these find-
ings suggest a means by which hantavirus dysregulation of B3
integrin function enhances permeabilizing VEGF responses
that may contribute to hantavirus disease.

Suggestions for causes of hantavirus permeability are abun-
dant, and T cells and TNF-a have been suggested to be in-
volved in hantavirus-associated disease (35, 76). Primed cyto-
toxic T lymphocytes kill infected endothelial cells in vitro,
which has been suggested as a mechanism of capillary perme-
ability (23). However, the endothelium of HPS patients is not
damaged, and cytotoxic-T-lymphocyte-directed lysis of endo-
thelial cells would likely result in hemorrhagic disease rather
than the transudative pulmonary edema observed during HPS
(8, 76). In addition, TNF-a does not increase the permeability
of hantavirus-infected endothelial cells in vitro (35), and in
HFRS patients an increase in soluble TNF receptors is sug-
gested to limit TNF-« availability (40). Pulmonary fluid accu-
mulation during HPS has been reported to be primarily or
exclusively transudative (8), further suggesting that regulators
of endothelial cell permeability and edema, such as VEGF,
may play a primary role in hantavirus pathogenesis (8, 9, 24, 33,
45, 47, 52, 88). However, pathogenesis is a systemic response,
and the role of additional immune cell, chemokine, or cytokine
responses in hantavirus-directed endothelial cell permeability
cannot be excluded (40).

Acute thrombocytopenia and vascular permeability deficits

are hallmarks of HFRS and HPS diseases (49, 64, 93). Patho-
genic hantaviruses predominantly infect endothelial cells, and
resulting hantavirus diseases are symptomatic of vascular per-
meability deficits within the microvasculature (49, 93). Endo-
thelial cells and platelets are central regulators of vascular
permeability, and B3 integrins are key determinants of endo-
thelial cell and platelet function that stabilize the vasculature
(25, 29, 43, 44, 68). Pathogenic hantaviruses block the migra-
tion of infected endothelial cells on vitronectin, the high-affin-
ity avB3 integrin ligand, but have no effect on migration di-
rected by other integrins, suggesting that this effect is not a
result of inhibiting common downstream integrin signaling
pathways or the formation of focal adhesions (20). Pathogenic
hantaviruses do not appear to alter the amount of avp3 recep-
tors on the surface of endothelial cells, and the selective dys-
regulation of avB3 is consistent with the reported interactions
of pathogenic hantaviruses with inactive, bent avp3 integrin
conformers days after infection (20, 28, 54, 73). Like B3 inte-
grin knockouts (57), endothelial cells are not permeabilized by
hantavirus infection alone (35) but, in response to VEGF,
pathogenic hantavirus-infected endothelial cells are highly per-
meabilized even in the absence of capillary pressure. These
findings tie the dysregulation of B3 integrins by pathogenic
hantaviruses to the VEGF hyper-responsiveness of endothelial
cells infected by pathogenic hantaviruses.

Knowing the central importance of VEGF in regulating vas-
cular permeability, the role of VEGF in hantavirus-directed
endothelial cell permeability is not surprising (4, 26, 47, 57, 60,
82, 83, 88, 92). VEGF is reportedly 50,000 times more potent
than histamine in inducing vascular permeability, and VEGF
was originally named vascular permeability factor as a result of
its ability to induce edema within tissues (12, 17, 68). VEGF is
a chemokine that promotes the extravasation of immune cells,
and VEGF acts directly on endothelial cells by binding to
VEGFR?2 growth factor receptors which direct a number of
intracellular signaling responses through its cytoplasmic ty-
rosine kinase domain (50). VEGF also binds to neuropilin-1
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FIG. 6. S1P inhibits hantavirus-directed EC permeability. HUVECs were infected with HTNV (A) or ANDV (B), and the endothelial cell
monolayer permeability was assessed at the indicated times, as in Fig. 1, in the presence or absence of SIP (1 uM) (43). (C) Cells were infected
and treated as described above in the presence of increasing amounts of SIP added to the upper chamber. Monolayer permeability was analyzed
as described above, and the results are derived from two independent experiments, performed in triplicate. (D) HUVEC permeability in response
to HTNV infection was determined as described above in the presence or absence of antibodies to the S1P receptor, Edgl, or an isotype-matched
control antibody. After removal of the antibodies, cells were treated with FITC-dextran and VEGF in the presence or absence of S1P (1 uM). The
permeability of endothelial cells was assessed by quantitating the FITC-dextran in the lower chamber 3 h after VEGF addition.

(NP-1) on endothelial cells, and NP-1 coreceptors form com-
plexes with VEGFR?2 that enhance the permeabilizing effects
of VEGF-A isoforms (5). avB3 is also reported to interact with
VEGFR?2 (69), although the means by which NP-1, VEGFR2,
and avB3 coordinately regulate endothelial cell signaling and
permeabilizing responses are complex, and the mechanism of
avB3 integrin regulation of VEGF directed permeability has
not been defined.

Ang-1, like VEGF, is a second endothelial-cell-specific
growth factor, and Ang-1 binds Tie-2 receptors on endothelial
cells to elicit growth-factor-directed endothelial cell responses
(38). In contrast to VEGF, Ang-1 does not enhance vascular
permeability but instead stabilizes capillaries, directs the as-
sembly of adherens junctions, and promotes vascular barrier
functions (16, 41, 77, 78, 85). In fact, Ang-1-directed vascular
stability is dominant to the permeabilizing effects of VEGF,
since mice that are cotransgenic for both Ang-1 and VEGF
have the heightened vascular barrier phenotype of Ang-1
transgenic animals (78). The regulatory role of Ang-1 in sta-
bilizing the vasculature prompted us to determine whether
hantavirus-directed permeability of endothelial cells was sim-
ilarly Ang-1 regulated. Our data indicates that Ang-1 blocks

endothelial cell permeability directed by pathogenic hantavi-
ruses, and these findings provide a rationale for studies of
Ang-1 as an inhibitor of the vascular permeability deficits
within the Syrian hamster model of HPS, as well as hantavirus
patients.

Hantavirus patients present with severe disease days to
weeks after their initial hantavirus exposure, and acute throm-
bocytopenia is a common element of HPS and HFRS disease
(49, 64, 93). Although there is no understanding of hantavirus
interactions with platelets, B3 integrins are the most abundant
receptors present on platelets (71). Thrombocytopenia is likely
to contribute to vascular barrier deficits during hantavirus in-
fection, since platelets play clear roles in regulating vascular
permeability. Aside from the role of platelets in clotting cas-
cades, platelets also contribute to endothelial cell barrier func-
tion by releasing the lipid mediator S1P, which binds to G-
protein-coupled Edg-1 receptors on endothelial cells (30, 43,
63). S1P enhances the accumulation of vascular-endothelial
cadherin (VE-cadherin), which uniquely ties endothelial cells
to each other and stabilizes adherens junctions (44, 85, 91). In
contrast, VEGFR2 activation directs the dissociation of VE-
cadherins, which enhances vascular permeability, and thus
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VEGEF and S1P direct opposing vascular responses (16, 17, 85,
91). The acute loss of platelets during hantavirus infection is
another potential point where endothelial cell permeability
regulators, such as S1P, may be diminished during hantavirus
infection and contribute to vascular permeability. Our findings
demonstrate that S1P inhibits hantavirus-directed endothelial
cell permeability and suggest that a platelet-derived factor has
the potential to reduce vascular permeability deficits within
hantavirus patients.

Thrombocytopenia normally sets in motion a series of events
that repair the endothelium and replenish circulating platelets
(36, 75). Stromal cells sense thrombocytopenia and respond by
producing thrombopoietin (TPO) (36). TPO induces the pro-
duction of VEGF, and the combination of VEGF and TPO
directs the growth and differentiation of megakaryocytes, re-
sulting in an increase in circulating platelets (6, 36, 75). VEGF
disrupts endothelial cell adherens junctions (17, 86), en-
hancing permeability to permit endothelial cell movement,
while avB3 and S1P limit the permeabilizing effects of
VEGF by directing VE-cadherin assembly between endo-
thelial cells (43, 44, 67, 85, 86, 91). One possibility is that in
the context of sustained thrombocytopenia and hantavirus
dysregulation of avp3 function, permeabilizing VEGF re-
sponses may continue in the absence of compensating avp3
or S1P regulatory responses.

The data presented here indicate that S1P, Ang-1, and an-
tibodies to VEGFR2 block hantavirus-directed endothelial cell
permeability, and as a result these factors are potential thera-
peutics for hantavirus diseases. Our data further suggest that
pathways downstream of the Edg-1, Tie-2, and VEGFR?2 re-
ceptors or which direct the assembly of adherens junctions may
be additional targets for regulating hantavirus directed perme-
ability. Since S1P, FTY720-P (an S1P analog), platelets, Ang-1,
and antibodies to VEGF or VEGFR?2 are used clinically for
other indications (7, 42, 46, 59, 66), therapeutics for hantavirus
patients may already be viable clinical options.

Although there is no information on what differentiates han-
taviruses that cause hemorrhagic disease (HFRS) from hanta-
viruses that cause acute pulmonary edema (HPS), either dis-
ease may have pulmonary or renal manifestations, and
capillary beds are abundant in both tissues (13, 49, 64, 93).
Interestingly, VEGF also directs glomerular endothelial cell
permeability (62), and thus permeability changes within the
kidney during hantavirus renal syndrome could similarly in-
volve dysregulated endothelial cell responses to VEGF (60-62,
89). Permeabilizing endothelial cell responses to VEGF could
also contribute to additional viral hemorrhagic diseases. Den-
gue virus causes hemorrhagic disease with acute thrombocyto-
penia. Recent reports indicate that dengue viruses use 33 in-
tegrins, that VEGF levels are enhanced in dengue patients,
and that soluble VEGFR-2 levels were inversely correlated the
severity of plasma leakage in patients (70, 94). These findings
suggest that the effects of VEGF may be a common factor in
the vascular leakage directed by pathogenic viruses. The broad
function of Ang-1, S1P, and anti-VEGFR?2 antibodies in reg-
ulating vascular permeability suggests that these factors may
similarly inhibit vascular permeability resulting from other vi-
ral hemorrhagic agents.
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